During replication of long terminal repeat (LTR)-retrotransposons, their proteins and genome (g) RNA assemble into virus-like particles (VLPs) that are not infectious but functionally related to retroviral virions. Both virions and VLPs contain gRNA in a dimeric form, but contrary to retroviruses, little is known about how gRNA dimerization and packaging occurs in LTR-retrotransposons. The LTR-retrotransposon Ty1 from Saccharomyces cerevisiae is an informative model for studying LTR-retrotransposon and retrovirus replication. Using structural, mutational and functional analyses, we explored dimerization of Ty1 genomic RNA. We provide direct evidence that interactions of self-complementary PAL1 and PAL2 palindromic sequences localized within the 5′UTR are essential for Ty1 gRNA dimer formation. Mutations disrupting PAL1-PAL2 complementarity restricted RNA dimerization in vitro and Ty1 mobility in vivo. Although dimer formation and mobility of these mutants was inhibited, our work suggests that Ty1 RNA can dimerize via alternative contact points. In contrast to previous studies, we cannot confirm a role for PAL3, tRNA i Met as well as recently proposed initial kissing-loop interactions in dimer formation. Our data also supports the critical role of Ty1 Gag in RNA dimerization. Mature Ty1 Gag binds in the proximity of sequences involved in RNA dimerization and tRNA i Met annealing, but the 5′ pseudoknot in Ty1 RNA may constitute a preferred Gag-binding site. Taken together, these results expand our understanding of genome dimerization and packaging strategies utilized by LTR-retroelements.
Introduction
Retrotransposons are widespread in most eukaryotic genomes, and active elements are present in fungi, plants, insects and mammals, including humans. They influence the architecture and evolution of genomes, and can impact the expression of genes [1] . Furthermore, expression of retrotransposon RNAs and proteins, and in some cases the production of VLPs, accompanies various types of cancer and autoimmune diseases in humans [2, 3] , and enhances synaptic plasticity in Drosophila and mammals [4, 5] . The packaging of gRNA into virions or VLPs is critical for propagation of infectious and endogenous LTR-retroelements. Extensive studies with retroviruses indicate that gRNA packaging is coupled with dimerization, which preludes gRNA encapsidation into virions and ensures the proper packaging specificity [6] [7] [8] [9] . A variety of structure-based mapping strategies have been used to reveal the molecular mechanisms and structural determinants of gRNA dimerization in retroviruses [10] [11] [12] . In general, dimeric retroviral RNA is stabilized by base-pairing between cis-acting palindromic sequences located near the 5′-end of the gRNA [10, 13] . The nucleocapsid (NC) domain of Gag is responsible for recognition of specific dimerization and packaging signals in viral RNA, and then Gag or mature NC nucleic acid chaperone activity promotes the structural rearrangements of gRNA and interactions between RNA partners [8, 10, [14] [15] [16] . In addition, Gag participates in selective packaging of cellular tRNA into virions and facilitates its annealing with the complementary primer-binding site (PBS) in viral gRNA [17] [18] [19] .
Much less is known about gRNA dimerization and packaging during propagation of endogenous retroelements. The Ty1 retrotransposon of S. cerevisiae is a well-studied member of the widely disseminated Ty1/Copia family of the Pseudoviridae [20] . Ty1 shares many critical features with endogenous and infectious LTR-retroelements [21] . For example, Ty1 contains partially overlapping GAG and POL genes flanked by LTRs at the 5′ and 3′ termini. GAG encodes the capsid protein of VLPs, and POL encodes enzymes required for replication (reverse transcriptase, protease, integrase). Analogous to other retroelements, Ty1 replicates via an RNA intermediate and full-length Ty1 gRNA plays dual role in replication [22] . It is translated into Ty1 proteins and utilized as a genome that is packaged into VLPs, and reverse transcribed to form a DNA copy that is integrated into the host genome [21, 23, 24] . Assembly of VLPs from Ty1 or the yeast Metavirus Ty3 occurs in specific cytoplasmic foci (termed retrosomes or T-bodies) where elementencoded proteins and gRNA colocalize during an early stage of retrotransposition [25] [26] [27] [28] [29] [30] . Ty1 VLPs are mainly composed of Gag and contain Ty1-encoded enzymes and gRNA in a dimeric form [24] . During or soon after VLP assembly, the precursor Ty1 Gag polyprotein (Gag-p49) undergoes a single C-terminal cleavage that results in mature Gag-p45 ( Fig. 1b) [31] [32] [33] [34] . Despite the lack of sequence homology, Ty1 Gag is functionally related to retroviral Gag proteins as it comprises the capsid of VLPs and mediates critical RNA transactions during the retrotransposon replication cycle [21, 28] . Direct interactions between Gag and gRNA are required for effective Ty1 retrotransposition and mutations in GAG can disrupt retrosome nucleation and VLP assembly [26, 30, [35] [36] [37] . Based on in vitro studies of truncated derivatives of Ty1 Gag, the RNA binding and nucleic acid chaperone region has been mapped to the C-terminus and contains three clusters of basic amino acid residues ( Fig. 1b) [38, 39] .
Mutational and functional analyses identified a~380 nt region at the 5′-terminus of the gRNA that is required for Ty1 retrotransposition [40, 41] . The 5′-terminus of Ty1 gRNA contains cis-acting sequences required for packaging, reverse transcription, translation initiation and genome cyclization [42] [43] [44] [45] . In VLPs, this region forms a long-range pseudoknot that is needed for efficient retrotransposition [46, 47] . However, the sequences essential for Ty1 gRNA dimerization and packaging have not been precisely defined. An early study, based on in vitro dimerization assays with a synthetic peptide from a predicted chaperone domain of Ty1 Gag, suggested a role for tRNA i Met in Ty1 RNA dimerization and proposed a model for dimer formation mediated by interaction of two tRNA i Met molecules bound to the PBS sequences from two gRNAs [38] . More recently, SHAPE (selective 2′hydroxyl acylation analysed by primer extension) [48] analysis of Ty1 gRNA in vitro and in virio identified the changes in the flexibility of nucleotides contiguous to the three palindromic PAL sequences from the 5′ terminus [46] . By analogy to retroviruses and in agreement with SHAPE reactivity profiles, PAL1, PAL2 and PAL3 sequences were suggested as potential contact sites for dimer formation. Two palindromes (PAL1 and PAL2) are located in 5′UTR, while PAL3 is located in the Gag open reading frame ( Fig. 1a ). However, the role of PALs in Ty1 RNA dimerization was not analysed. Recent work also suggests that two SL1a -SL3a kissing-loop interactions (SL1 -SL4 according to our notation, Fig. 1a ) participate in Ty1 RNA dimerization [49] . Mutations disturbing the complementarity between SL1 and SL4 decreased Ty1 RNA stability in vivo and significantly inhibited Ty1 mobility, but the direct contact between these hairpins in dimerized RNA was not shown. The SL1 -SL4 kissing-loop complex is mutually exclusive with the SHAPE-based model of dimeric Ty1 RNA, as SL1 is formed by an intramolecular PAL1 and PAL2 interaction [46] .
Here, we have taken a multifaceted approach to characterize the nucleotide sequences involved in Ty1 RNA dimerization and define features of monomeric and dimeric states of Ty1 RNA. The importance of selected sequences was assessed by their impact on RNA dimerization and structure, and Ty1 mobility.
Our results indicate that similar to retroviruses dimeric Ty1 gRNA is maintained by interactions of self-complementary palindromic sequences within the 5′UTR. We show that intermolecular PAL1 -PAL2 interactions are important for in vitro dimerization of Ty1 RNA and Ty1 mobility in vivo. However mutations that disrupt PAL1 -PAL2 complementarity partially inhibit Ty1 RNA functionality and Ty1 RNA apparently dimerizes via alternative contact points. Our data support the critical role of Ty1 Gag in RNA dimerization. Interestingly, dimerization induced by Gag does not require initiator tRNA i Met annealing. Although mature Ty1 Gag binds in the proximity of sequences involved in RNA dimerization and tRNA i Met annealing, the 5′ pseudoknot may serve as a major Gag-binding site. We propose that this interaction could be essential for Ty1 RNA stability during the process of retrotransposition.
Materials and methods

Genetic techniques, media, strains, and plasmids
Standard yeast genetic and microbiological procedures were used in this work [50] . Ty1 mobility was determined in the Ty1-less S. paradoxus strain DG3582 (MATα his3-Δ200hisG trp1 ura3) [39] . The helper-Ty1 and mini-Ty1his3-AI plasmids were kindly provided by M. Joan Curcio. The Ty1 helper plasmid (pEIB, 2μ TRP1) contains nucleotides 241-5561 of Ty1-H3 [42] . The mini-Ty1his3AI plasmid (pJC994, 2μ URA3) was constructed by Figure 1 . Organization of mini Ty1 RNA and Ty1 Gag. (a) Mini Ty1 RNA (+1-560) contains the primer binding site (PBS), three short boxes (Box 0, Box 1, Box 2.1; blue) that anneal with cellular tRNA i Met , and the palindromic sequences PAL1, PAL2, PAL3 (orange). The strands forming the stems of the pseudoknot (S1 and S2) are marked with green. (b). Schematic representation of Ty1 Gag: p49 (immature) and p45 (mature) with amino acid coordinates. The red boxes represent stretches of basic amino acids present in the nucleic acid chaperone region.
deleting the HpaI-SnaBI fragment of pGTy1his3AI-[Δ1] (818-5463 nt of Ty1-H3 DNA) [51] . Plasmids PAL1, PAL2, PAL3, and IL3 were derived from pJC994 by site-directed mutagenesis using the QuickChange Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) following the manufacturer's protocol (for specific oligonucleotide sequences see Supplementary Table S1 ). Plasmid DNA was purified using PureLink Quick Plasmid Miniprep Kit (Invitrogen) and mutations were verified by DNA sequencing. The multicopy (2μ) TRP1-based pEIB plasmid was introduced into DG3582 by transformation to generate DG4148. Multicopy (2μ) URA3-based plasmids pJC994, PAL1, PAL2, PAL3, and IL3 were transformed individually into DG4148 to generate strains DG4151-DG4155, respectively, containing the helper and mini-Ty1his3-AI plasmids. Both Ty1 helper and mini-Ty1his3-AI element transcription is under the control of the GAL1 promoter.
Ty1his3-AI mobility
Ty1 movement was monitored using the selectable indicator gene his3-AI [52] . A single colony of each strain was grown in SC-Ura-Trp 2% raffinose broth for 16 hrs at 30°C on a tube roller. Cultures diluted 25-fold into SC-Ura-Trp 2% galactose broth in quadruplicate were grown at 22°C for 2 days to induce Ty1 expression from the GAL1 promoter. Cells were centrifuged, suspended in water and dilutions plated on SC-Ura-Trp 2% glucose and SC-Ura-Trp-His 2% glucose plates. Following incubation for 5 days at 30°C, the frequency of Ty1his3-AI mobility was calculated by dividing the number of Ura + Trp + His + colonies by the number of Ura + Trp + colonies. Mobility analysis for wild type and the mutants were performed together, repeated at least twice, and representative data are shown. Note that Ty1HIS3 insertions usually occur by retrotransposition following splicing of the artificial intron. Since His + cells can also result from recombination of Ty1HIS3 cDNA with Ty1 elements or solo-LTRs [53, 54] , the term Ty1 'mobility' is used to describe both types of insertion.
Cloning, expression and purification of Ty1 Gag-p45
Recombinant Gag-p45 was expressed from pGEX-p45 and purified as described previously [55] . Briefly, the Gag-p45-GST fusion protein was purified from Escherichia coli BL21 (DE3)pLysS strain (Invitrogen) by affinity chromatography using Glutathione Sepharose (GE Healthcare). The GST tag was removed by thrombin cleavage and Gag-p45 was eluted using a highsalt wash buffer containing 1 M NaCl, concentrated by centrifugal filtration and stored at −80°C.
DNA and RNA substrates
The template for transcription of unmodified yeast tRNA i Met was generated by PCR, and RNA was synthesized using T7-MEGAshortscript (Invitrogen). RNA was purified by denaturing gel electrophoresis (8 M urea) in 1 x TBE buffer, eluted from the gel matrix and concentrated by ethanol precipitation. The template for in vitro transcription of mini Ty1 RNA (560 nt) was generated by PCR amplification of sequences corresponding to the RNA nt +1-560 from pBDG433 using a forward primer F-miniRNA containing an SP6 promoter sequence followed by 5′ Ty1 RNA sequence and a reverse primer R-miniRNA ( Supplementary Table S2 ). DNA templates for PAL1, PAL2 and ΔS1a mini Ty1 RNA mutants were obtained using forward primers introducing desired mutations and primer R-mini RNA. Templates for the PAL3, SL4 and IL3 mutants were generated by PCR-driven overlap extension. All transcripts were synthesized using SP6-MEGAscript (Invitrogen) and purified using Direct-zol RNA MiniPrep Kit (Zymo Research). The quality of transcripts was monitored by high-resolution agarose-gel electrophoresis in the presence of formaldehyde. Mini Ty1RNA and Ty1 RNA mutants were 3′-end labeled with [α-32 P] pCp using T4 RNA ligase (Fermentas) and purified on NucAway Spin Columns (Invitrogen Ambion). Purified RNAs were stored at −20°C.
Ty1 RNA dimerization 32 P-labeled Ty1 RNA (1 pmol) was refolded in buffer containing 40 mM Tris-HCl pH 8.0, 130 mM KCl, 0.1 mM EDTA by heating at 95°C for 3 minutes, slowly cooled to 60°C, placed on ice for 1 minute, and then incubated at 37°C for 30 minutes following the addition of MgCl 2 to 2 mM. For the dimerization assays with tRNA i Met , tRNA i Met was folded separately in equivalent conditions and Ty1 RNA was combined with unlabeled tRNA i Met at 1:2 molar ratio before addition of Ty1 Gag-p45. RNAs were incubated with increasing concentrations of protein at 37°C for 30 minutes. All reactions were quenched by incubation with 1% (w/v) SDS at room temperature for 5 minutes. The samples were phenol/chloroform extracted and 10 μl of aqueous phase was mixed with 2 μl of 50% glycerol. RNA was resolved on a 1% agarose gel in 0.5 x TB at room temperature or TBM (TB with 0.2 mM MgCl 2 ) running buffer at 4°C. Gels were autoradiographed and quantified by phosphorimaging using FLA-5100 phosphorimager with MultiGaugeV 3.0 software (FujiFilm). The obtained data were analysed using Origin software (OriginLab). In all cases, at least three independent experiments were performed and the data presented are representative of the whole. Detecting Gag-induced changes in RNA structure Ty1 RNA (8 pmol) and tRNA i Met (16 pmols) were folded as described for dimerization assays. Subsequently, 240 pmols of Gag-p45 (8 μl in the protein buffer containing 50 mM Tris-HCl, pH 8.0, 1 M NaCl, 10 mM β-mercaptoethanol, 2.5 mM DTT) or equal volume of protein buffer were added to 72 μl of RNA mixture. The reaction was incubated at 37°C for 30 minutes and quenched by incubation with 1% SDS at room temperature for 5 minutes followed by phenol/chloroform extraction. Each reaction was divided into two separate tubes and treated with 8 μl of NMIA in DMSO [(+), 1.5mM NMIA, final concentration] or DMSO alone (-). The modification reactions were carried out for 50 minutes at 24°C. RNA was recovered by ethanol precipitation and was resuspended in 10 μl of water. Detection of 2′-O-adducts and data processing were performed as described below. The contribution of Ty1 RNA dimer to the ensemble SHAPE reactivity profile(s) was calculated according to:
Where R E is the overall reactivity obtained experimentally, R M , R D are the reactivities for monomer and dimer and p M , p D , are the per cent contribution from monomer/dimer to total RNA. To reduce bias produced by extreme values, calculated reactivity values greater than 1 were set equal to 1 and negative values were set to 0 [56] .
Hydroxyl radical footprinting
RNA samples (5 pmol) were refolded by heating at 95°C for 1 minute followed by incubation for 25 minutes at 37°C in folding buffer (40 mM Tris-HCl, pH 8.0, 130 mM KCl, 0.5 mM EDTA and 5 mM MgCl 2 ). Folded mini Ty1 RNA samples were diluted 20-fold with 20 mM Tris-HCl, pH 8.0 prior to adding Ty1 Gag-p45. Subsequently, 50 or 100 pmol of Gag-p45 in a total volume of 6 μl was added to a 70 μl reaction. As a control for non-specific cleavage, buffer was added instead of protein. RNA/protein complexes were formed by incubating 20 minutes at 0°C. To initiate footprinting reactions, 1.5 μl of 2.5 mM (NH 4 )Fe(SO 4 ) 2 , 50 mM sodium ascorbate, 1.5% H 2 O 2 and 2.75 mM EDTA were applied on the wall of the tube followed by centrifugation [57] . Reactions were incubated for 15 seconds at 24°C and quenched by addition of thiourea and EDTA to final concentrations of 20 mM and 40 mM, respectively. RNA was purified using Direct-zol RNA MiniPrep Kit (Zymo Research).
Primer extension reactions and data processing
A total of 10 pmols of fluorescently labeled primer PR3 [5′-TCAGGTGATGGAGTGCTCAG-3′] was added to 4 pmols of RNA [Cy5 (+) and Cy5.5 (−)], and 12 μl of primer-template was incubated at 95°C for 3 minutes, 37°C for 10 minutes and 55°C for 2 minutes, then reverse transcribed as described previously [46] . Sequencing ladders were prepared using primers labeled with WellRed D2 (ddA) or LicorIRD-800 (ddT) and a Thermo Sequenase Cycle Sequencing kit (Affymetrix) according to the manufacturer's protocol. Samples and sequencing ladders were purified using ZR DNA Sequencing Clean-up Kit (Zymo Research) and analysed on a GenomeLab GeXP Analysis System (Beckman-Coulter). Electropherograms were processed using SHAPEfinder software [58] , normalized as described previously [18] and converted into nucleotide reactivity tables [59] . All reactivity data used in analysis were averaged from at least three independent experiments. Tables with HR footprinting and SHAPE data are provided in Supplementary Data set 2.
RNA structure prediction
Secondary structure models were generated using RNAstructure software with default parameters [60] . RNAComposer was used for prediction of RNA 3D structural models (http://rnacompo ser.cs.put.poznan.pl/). This is a fully automated RNA structure modeling server that predicts RNA 3D structures based on sequence and secondary structure [61] [62] [63] .
Results
Requirements for in vitro dimerization of mini Ty1 RNA
Similar to retroviral RNAs, full-length Ty1 gRNA (5900 nt) dimerizes inefficiently in vitro, even in the presence of recombinant Gag-p45 ( Fig. S1 ). To analyse Ty1 RNA dimerization and further define nucleotide sequences and structural motifs required for this process, we used a mini Ty1 RNA that encompasses +1-560 nucleotides of Ty1 gRNA and contains sequences suggested previously as candidates for mediating Ty1 gRNA dimerization, packaging into VLPs, and undergoing reverse transcription and integration ( Fig. 1a ) [22, 38, 41, 46, 49] . To determine if mature Ty1 Gag-p45 displays properties similar to retroviral Gag polyproteins, we purified recombinant Gag-p45 from E. coli and examined whether Gag-p45 enhanced mini Ty1 RNA dimerization in vitro. 32 P-labeled mini Ty1 RNA was incubated with the increasing amounts of the Gag-p45 and dimeric RNA formation was assayed by electrophoresis under TB and TBM (includes MgCl 2 ) running conditions after protein removal. This experimental approach allows one to distinguish 'loose dimers', which are mediated by kissing loops from 'tight dimers', which may be held together by extended intermolecular duplexes [64] [65] [66] [67] . Kissing loop complexes require Mg 2+ for stabilization and are only detectable by electrophoresis using running buffers containing Mg 2+ that prevent electrophoresis-dependent dissociation. In contrast, tight dimers are stable under mild denaturing conditions (TB or TBE running buffers) in the absence of Mg 2+ .
Mini Ty1 RNA formed dimers in the presence of Gag-p45 ( Fig. 2) , whereas the RNA migrated as a single band corresponding to the monomeric form under TBM and TB electrophoresis conditions in the absence of Gag-p45. Incubation of mini Ty1 RNA with increasing amounts of Gag-p45 resulted in significant conversion toward the dimeric state. At a 3 µM concentration of Gag-p45 (1:23 protein to nt molar ratio),~45% of mini Ty1 RNA was present in a dimeric state. Dimerization assays were performed in the presence ( Fig. 2a ) or absence of tRNA i Met (Fig. 2b ) to directly assess whether tRNA i
Met -tRNA i Met interactions act as a 'bridge' in Ty1 RNA dimerization, as suggested by earlier work [38] . The inclusion of tRNA i Met did not alter the monomerdimer ratio, indicating that similar to retroviruses, dimeric Ty1 RNA is stabilized by direct base pairing of complementary cis-acting sequences. A similar efficiency of dimerization was obtained under TB or TBM running conditions, showing that mature Gag promotes formation of tight mini Ty1 RNA dimers. However, two discrete bands migrating slower than the major dimer were visible in the presence of Mg 2+ (Fig. 2 , bottom panel TBM gels). These bands may contain the higher-order multimers of mini Ty1 RNA or transient forms of dimeric RNA that are unstable during electrophoresis when the running buffer lacks Mg 2+ .
Gag binding sites on mini Ty1 RNA
Hydroxyl radical (HR) footprinting was used to map Gag-p45 binding sites within mini Ty1 RNA. This method offers an advantage over SHAPE analysis for detecting sequences protected by protein binding because HR cleavage of the RNA backbone occurs independently of RNA secondary structure [68] . Ribonucleoprotein complexes were formed on ice to minimize Gag-induced structural changes of mini Ty1 RNA and maintain the monomeric state of the RNA (Fig. S2 ). Overall reactivity profiles for mini Ty1 RNA in the presence or absence of recombinant Gag-p45 were compared to reveal protected nucleotide sequences ( Fig. 3a) . HR footprinting data were correlated with the SHAPE-based secondary structure model of the mini Ty1 RNA monomer ( Figs. 3b & S3) . The strongest and statistically significant decrease in HR cleavage was observed in sequences forming the Ty1 pseudoknot, raising the possibility that this is a preferred region for Gag-p45 binding. We also observed smaller but statistically significant protection in three regions located downstream of PBS and in the apical part of the SL1 hairpin that is formed by intramolecular base pairing between PAL1 and PAL2 palindromes (Figs. 3b & S3). Analysis of the composition of protected sites revealed that the content of C, A and U residues in the protected stretches of nucleotides were similar, while the number of G residues was significantly lower (Fig. 3c) . These results suggest a lack of Ty1 Gag preference for particular nucleotide base(s), whereas retroviral Gag binding sites contain a high purine content (A and/or G) [18, 69] .
SHAPE analysis of wild type mini Ty1 RNA in monomeric and dimeric states
To further explore Ty1 RNA dimerization, we analysed the structure of the Gag-induced mini Ty1 RNA dimers by SHAPE [48, 70] . In addition to mini Ty1 RNA, tRNA i Met was also present in the reaction mixtures as dimerization and primer binding are two critical RNA-RNA hybridization processes occurring during Ty1 VLPs assembly. When Gag-p45 was not added to the reaction, dimers were not formed and tRNA i Met was not annealed. Therefore, this reaction was used to monitor the monomeric state prior tRNA i Met annealing (thereafter referred to as monomer). Addition of Gag-p45 induced both dimerization of mini Ty1 RNA and tRNA i Met annealing (thereafter referred to as dimer). Prior to SHAPE analysis, protein was gently removed by phenol-chloroform extraction. Since the maximal efficiency of dimerization was~50%, the mini Ty1 RNA population was a mixture of monomers and dimers after incubation with Gag-p45. To address this problem, we applied a mathematical method that allows one to determine the secondary structures of individual RNAs in a mixture of the conformers. This method was used successfully to analyse RNA folding intermediates of the HIV-2 Rev-responsive element [56] . Accordingly, the reactivity value of each nucleotide obtained for the mixture of two RNA states is a sum of reactivity values of both states, weighted according to the fractional contribution of each to the total RNA population. Structural differences were detected both by comparing monomer and dimer SHAPE reactivity profiles and by subtracting individual nucleotide reactivities for the monomer from values of dimer to yield a difference plot (Fig. 4a) .
The SHAPE profiles for mini Ty1 RNA monomer and dimer are similar, indicating that Gag-induced transition from the monomer to dimer state does not cause extensive refolding of the RNA (Fig. 4a ). Despite this overall similarity, we observed statistically significant reactivity differences that reveal important local changes in RNA conformation. NMIA reactivity alterations in the region +82-176 can be attributed to the formation of a mini Ty1 RNA/tRNA i Met complex in the presence of Gag-p45. These changes correspond well with NMIA reactivity profiles characteristic for Ty1 RNA/tRNA i Met complex described earlier [46] . The tRNA i Met binding sequences constitute a specific border in SHAPE reactivity (Fig. 4a ). In the downstream region, stretches of small positive peaks are revealed by difference plots, while upstream from the PBS, stretches of both positive and negative peaks are detected. Most of positive peaks correspond to increases in local nucleotide reactivity resulting from a structure destabiliz- ing activity of Gag-p45 that is similar to the nucleic acid chaperone activity of retroviral Gag polyproteins [28, 38, 39] . The stretches of negative peaks are attributable to intermolecular interactions critical for dimer formation. The strongest and statistically significant reactivity decrease was observed in the 21UCU23 sequence linking PAL1 and PAL2. In the monomer, nucleotides 21UCU23 were highly reactive since they comprise apical loop of the SL1 hairpin formed by intramolecular basepairing of PAL1 and PAL2 (Figs. 4c & S2 ). PAL1 and PAL2 palindromic sequences were unreactive in both monomer and dimer states, therefore, it is challenging to prove that they constitute contact sites in the dimer. Importantly, the observed reactivity decrease in 21UCU23 is independent from tRNA i Met annealing ( Fig. S4) and supports a Gag-induced structural transition that may correspond to the SL1 hairpins forming an intermolecular extended duplex with a UCU/UCU distortion (Fig. 4b) . Alternatively, reactivity changes in SL1 apical part may arise from intermolecular kissing loop interactions between SL1 and SL4 that were recently proposed to help initiate Ty1 RNA dimerization [49] . Since the SL4 apical loop was highly reactive in both monomeric and dimeric states (Figs. 4c & S2), these kissing loop interactions are unlikely to be present in dimeric mini Ty1 RNA. Similar to PAL1 and PAL2, PAL3 was also unreactive in the monomeric and dimeric states. This palindrome is present in the stem of SL7 (Figs. 4c & S2) and its engagement in intermolecular base-pairing is anticipated to disturb the structure of SL7 and increase reactivity in the complementary strand [46] . However, we did not observe SHAPE reactivity changes in the SL7 stem ( Fig. 4c ) that would support PAL3-PAL3 interactions in the Ty1 RNA dimer. In addition to the change of 21UCU23 reactivity in dimeric mini Ty1 RNA, a reproduceable statistically relevant decrease in reactivity was detected for nucleotides in the third internal loop -IL3 (nt 63-71) (Fig. 4a ). This asymmetric internal loop contains a short 67AAUU70 palindromic sequence that could serve as an additional dimerization site (Fig. 4b) . However, despite the reactivity decrease in IL3, nucleotides A67, A68 and U70 in the palindrome remained reactive to NMIA in the dimer (Figs. 4b,  c ), suggesting this interaction is less stable or transient in nature. In support of the validity of our approach, a similar change in the IL3 reactivity pattern was detected between full-length monomeric Ty1 RNA probed in vitro and in dimeric Ty1 RNA probed within VLPs [46] .
3D models of PAL1-PAL2 interactions in monomer and dimer
Our data suggest the SHAPE reactivity changes in the 21UCU23 sequence linking PAL1 and PAL2 result from a Gag-induced monomer to dimer transition. To extend and validate these findings, we generated 3D structure models of SL1 and the PAL1-PAL2 extended duplex (Fig. 5 ). Models were generated using RNAComposer, which is an advanced tool for modeling atomic-resolution 3D models of RNAs based on their sequence and secondary structures [61, 62] . Predicted structural models correspond well with the NMIA reactivity changes observed in the linking sequence. In monomeric Ty1 RNA, nucleotides 21UCU23 constitute the apical loop of SL1 and were highly reactive to NMIA. The 3D structure model of PAL1-PAL2 extended duplex suggests formation of non-canonical C-U intermolecular base-pairs involving U21 and C22 residues. Non-canonical C-U base pairs were identified in several biologically important RNAs and RNA duplexes containing the C-U base pairs can be considered similar to typical A-RNA helices [71, 72] . The preservation of continuous stacking contributes significantly to the stability of RNA folds and minimizes the exposure of hydrophobic base surfaces to polar solvent. This can explain the lack of U21 and C22 NMIA modification in dimeric mini Ty1 RNA. Moreover, U23 residues were predicted to be extruded from the duplex with the base pointing towards the solvent. Such looped out nucleotides would allow the overall duplex geometry to remain close to the regular A-form. In agreement with the 3D structure model, U23 residues were readily modified by NMIA in dimeric mini Ty1 RNA.
Mutational analysis of cis-acting sequences involved in mini Ty1 RNA dimerization in vitro
To further define the role of candidate sequences in Ty1 RNA dimerization, we analysed in vitro dimerization of mini Ty1 RNA mutants with nucleotide substitutions in the postulated contact sites (Table 1 ). Our data reveal that substitution of PAL1 or PAL2 by non-palindromic sequences (PAL1 mutant and PAL2 mutant, respectively) results in a two-fold decrease in dimerization when compared to wild type mini Ty1 RNA (Figs. 6a & S5) . Investigation of a mini Ty1 RNA mutant with a single nucleotide substitution (U16C) in PAL1 additionally confirmed the role of this palindrome in Ty1 RNA dimerization (Fig. S6) . The U16C RNA mutant dimerized less efficiently than wild type but as expected, the inhibition was weaker than observed for the PAL1 non-palindromic mutant. U16C disturbs the U16-A28 base pair and thereby might destabilize the PAL1-PAL2 intermolecular interaction. However, mutations in SL1 hairpin could also impact the potential SL1-SL4 interactions [49] and thus, the observed inhibitory effects might result from disturbance of an initial kissing loop complex. Despite the lack of support for this possibility from our SHAPE analysis, we also assayed dimerization of a mini Ty1 RNA mutant with substitutions in the SL4 apical loop (SL4 mutant) that disturb SL1-SL4 complementarity and impairs Ty1 retrotransposition [49] . We observed that mutations in SL4 altered monomer to dimer ratio only slightly, indicating that the SL1-SL4 kissing complex is not required for dimerization of mini Ty1 RNA in vitro (Figs. 6b & S5 ). Figure 5 . 3D structure models of SL1 (a) and the PAL1-PAL2 intermolecular duplex (b), characteristic for monomeric and dimeric RNA, respectively. In SL1, nucleotides 21UCU23 are marked with blue. In duplex U21 and C22 are marked with magenta, U23 are marked with yellow. Deletion of 5 nt within S1a pseudoknot stem 1GAGGA5 → -----Taken together, our results suggest that PAL1-PAL2 intermolecular interactions play an important role in Ty1 RNA dimerization. However, dimerization of RNA containing PAL1 or PAL2 mutations was reduced but not abolished completely, suggesting another sequence could facilitate dimerization in addition to PAL1 and PAL2. Although SHAPE analysis of Ty1 RNA in VLPs raises the possibility that a PAL3-PAL3 interaction influences dimer formation [46] , a non-palindromic PAL3 mutant displayed a dimerization efficiency comparable to that of wild type mini Ty1 RNA (Fig. 6a ), suggesting that PAL3 is dispensable for dimerization in vitro. We also analysed dimerization of mini Ty1 RNA with substitutions in IL3 (IL3 mutant) because NMIA reactivity of dimeric RNA decreased in the IL3 internal loop. The IL3 mutant dimerized similar to wild type mini Ty1 RNA at lower Gag-p45 concentration, but less efficiently at higher Gag-p45 concentration (Figs. 6b & S5) . However, the decrease in IL3 RNA mutant dimerization was weaker then that observed for the PAL1 or PAL2 nonpalindromic RNA mutants.
SHAPE analysis of monomeric and dimeric mini Ty1 RNA containing non-palindromic mutations
To exclude mutation-induced RNA misfolding that could indirectly affect dimerization, we performed SHAPE analysis of nonpalindromic RNA mutants in monomer form. The obtained reactivity profiles of PAL1, PAL2 and PAL3 non-palindromic RNA mutants resembled closely that of monomeric wild type mini Ty1 RNA and the majority of statistically significant reactivity changes were found only for the mutated sequences and adjacent nucleotides (Fig. 7a-c) . These results confirm that the observed perturbations in dimerization are not caused by extensive alterations in the secondary structure of the mutated RNAs extending beyond the altered sequence. Interestingly, the IL3 RNA mutant displayed decreased NMIA reactivity in residues of the SL1 apical loop (Fig. 7d) . Therefore, the IL3 mutation may influence the architecture of the 5′ terminus of Ty1 RNA and indirect effect on mini Ty1 RNA dimerization in vitro is also possible.
We also characterized PAL1 and PAL2 non-palindromic RNA mutants in the dimeric form by SHAPE as described above (Fig. 6c ). Similar to wild type mini Ty1 RNA, differences in SHAPE reactivity between monomeric and dimeric RNAs were limited to the regions (i) +82-176 (indicating tRNA annealing) and (ii) upstream from the PBS. For the PAL1 mutant, a stretch of statistically relevant high negative peaks was observed in the region corresponding to IL3. This loss of reactivity in the dimeric state suggests that the PAL1 mutant dimerizes via an interaction between palindromic sequences located in the IL3. The decrease in SHAPE reactivity in this region was also observed for wild type mini Ty1 RNA dimer but was less evident when PAL1-PAL2 intermolecular interactions were present (Fig. 4a ). This effect was not detected for the PAL2 mutant, where a surprisingly strong and statistically significant reactivity decrease was identified in PAL1 sequence, suggesting intermolecular PAL1-PAL1 interaction in dimeric PAL2 RNA mutant. Taken together, our observations suggest that alternate dimerization contacts are utilized when the wild-type dimerization sites are mutated. 
Role of the 5′-pseudoknot in Ty1 RNA dimerization
The 5′-terminus of Ty1 RNA in VLPs is stabilized by a longrange pseudoknot structure with two helical regions: S1 and S2 [46] . This tertiary motif provides an important biological function as mutations disrupting its conformation interfere with Ty1 retrotransposition [41, 47, 49] . This pseudoknot is not present in the full-length Ty1 RNA in vitro, but is stable in the mini Ty1 RNA monomer [47] . Our structural analysis reveals that the dimerization does not change the reactivity pattern in the sequence forming the S1 and S2 stems of the pseudoknot (Fig. 4b) , and this critical motif is also present in dimeric mini Ty1 RNA. To explore the relationship between pseudoknot formation and dimerization, we analysed the structure and dimerization of a mutant with a defect in S1 stem of the Step plots of NMIA reactivity of PAL1 (a), PAL2 (b), PAL3 (c), IL3 (d), ΔS1a (e) and SL4 (f) mutants. For clarity, the plots show the selected regions of mini Ty1 RNA mutants. Each mutant (red line) is plotted against the wild type mini Ty1 RNA (black line) for comparison. Nucleotides within the PAL1, PAL2, IL3 and stems (S1b, S2a, S2b) of the pseudoknot are indicated by gray stripes. Nucleotides that exhibit statistically significant differential reactivity (10% of highest SHAPE reactivity differences and a p-value <0.05 using the Student's t-test) are marked with asterisks below the plot. Tables with SHAPE data are provided in Supplementary Data set 2.
pseudoknot (ΔS1a mutant) ( Figs. 6b & 7e) . Deletion of 5 nts from the S1a strand caused a statistically relevant increase in NMIA reactivity in the S1b strand, but not in the S2 stem, confirming that two helical regions of pseudoknot fold independently ( Fig. 7e) [47] . Interestingly, statistically significant increased NMIA reactivity was also detected for residues A19, U20 and U21, suggesting destabilization of the upper part of SL1. This SL1 destabilization did not greatly influence dimerization as the ΔS1a mutant when compared with wild type mini Ty1 RNA (Fig. 6b) .
The pseudoknot stems are linked by the sequence constituting SL4 hairpin. Although our findings do not support a role for SL4 in dimerization, a strong retrotransposition defect was previously reported for a mini Ty1 RNA mutant with identical substitutions in SL4 apical loop [49] . To further explain the role of SL4 in Ty1 retrotransposition, we performed SHAPE analysis of the SL4 RNA mutant in the monomer state ( Fig.  7f ). It revealed that substitutions in the SL4 apical loop disrupt the pseudoknot as increased NMIA reactivity was detected for residues in S1b and in direct proximity of S2a. Similar to the ΔS1a mutant, dimerization of the SL4 mutant was moderately weaker than that of wild type mini Ty1 RNA (Fig. 6b ), additionally confirming a lack of direct correlation between the disruption of pseudoknot and Ty1 RNA dimerization. However, our data show the importance of SL4 for pseudoknot architecture, which might explain the retrotransposition defect induced by mutations in SL4 apical loop [49] .
Involvement of dimerization sequences in Ty1 retrotransposition
To determine if sequences involved in dimerization of Ty1 RNA affect retrotransposition, we utilized a mini-Ty1his3-AI element containing the same sequences as those in our analyses in vitro, and that can be mobilized by Ty1 proteins supplied by a helper element (Fig. 8a) [41, 49, 54] . The helper Ty1 RNA expressed from pEIB lacks the PBS and 3′ U3 and R sequences, which should block its involvement in reverse transcription. Unlike previous studies, Ty1 mobility assays were performed in a yeast strain that lacks Ty1 elements [73, 74] (C. Bergman and D. J. Garfinkel, personal communication), thereby minimizing the effects of Ty1 products such as the p22 restriction factor that may complicate interpretation of the results [75] . Here, the PAL1 and PAL2 mutations decreased Ty1 mobility about 2-fold whereas the PAL3 and IL3 mutations did not affect mobility (Fig. 8b) . The Ty1 mobility assays correspond well with results obtained in vitro and support our proposition of Ty1 RNA dimerization via alternative RNA-RNA contact points when PAL1-PAL2 complementarity is disrupted. Unchanged mobility of the IL3 mutant suggests that the IL3 palindrome is not required when PAL1-PAL2 can interact. Like retroviruses [76, 77] , alternative dimerization sites appear to be biologically active. Therefore, comparing in vivo replication and in vitro RNA dimerization confirms that in vitro assays reflect the biological relevance of dimerization sequences. Figure 8 . Involvement of dimerization sequences in Ty1 mobility. (a) Mini Ty1his3-AI mobility assay using two-plasmid system. Expression of the mini Ty1his3-AI element (pJC994) and Ty1 helper (pEIB), is driven from the GAL1 promoter in a Ty1-less S. paradoxus strain. The Ty1 helper element contains GAG and POL ORFs. The absence of 3′ LTR and silent substitutions in PBS preclude this element from being used as a template for reverse transcription. The mini Ty1his3-AI element contains the first 575 nucleotides, as well as the last 357 nucleotides of Ty1 gRNA and the his3-AI retrotransposition indicator gene. After splicing, miniTy1his3 RNA is reverse transcribed and cDNA is integrated into the host genome. Cells containing spliced miniTy1HIS3 element give rise to His + colonies. (b) Effect of PAL1, PAL2, PAL3 and IL3 mutations on mini Ty1his3-AI mobility. Cells expressing the Ty1 helper plasmid pEIB and mini Ty1his3-AI plasmids containing wild type sequences (WT) or PAL1, PAL2, PAL3 or IL3 mutations were analysed for mini Ty1his3-AI mobility as described in the Materials and Methods. The average frequency of mini Ty1his3-AI mobility is shown with standard deviations in brackets, and fold-change in mobility relative to WT.
Discussion
Understanding how RNA dimerization occurs and its critical role in propagation has been well-studied in retroviruses [8, 10] , but has not been extensively analysed for other retroelements. Here, we used a combination of mutational and structural analyses to develop a model for RNA dimerization of the yeast LTR-retrotransposon Ty1 that builds on earlier work where we characterized the structure of Ty1 RNA in three distinct biological states (in virio, ex virio and in vitro) using SHAPE [46] . This analysis suggested PAL1, PAL2, and PAL3 might be involved in forming dimeric RNA if Ty1 followed a retroviral paradigm that involves base-pairing between palindromic sequences from two RNAs [46] . Fulllength Ty1 RNA exists as monomer in vitro while it forms a dimer in VLPs [24, 46] . In monomeric Ty1 RNA PAL1 and PAL2 form the stem of SL1, while PAL3 is a part of SL7 stem [46] . Like other classical RNA probing methods, SHAPE cannot discriminate intra-from intermolecular base-pairing, therefore, PAL sequences were unreactive in all analysed biological states and PAL's engagement in dimerization was based on changes in reactivity of nucleotides adjacent to PAL sequences. Our current model was refined by analysing the effects of mutations in PAL sequences and additional potential contact sites on Ty1 RNA structure, Gag-induced dimerization in vitro and Ty1 mobility. By demonstrating that mutations in PAL1 and PAL2, designed to impair dimerization, do not cause major RNA secondary structure refolding while diminishing the ability of RNA to form dimers (Figs. 6a & 7a, b), we provide evidence for PAL1 and PAL2 involvement in Ty1 RNA intermolecular interactions. Furthermore, comparative SHAPE analyses of wild type mini Ty1 RNA monomeric and dimeric states ( Fig. 4 ) together with 3D models of PAL1 and PAL2 intra-and inter-molecular interactions ( Fig. 5 ) have allowed us to assign reactivity alterations in the sequence linking PAL1 and PAL2 to dimer formation. These alterations are also observed in VLPs [46] , which validates and extends our understanding of how Ty1 RNA dimers form. Also, the present work is the first to directly implicate PAL1 and PAL2 sequences in Ty1 RNA dimerization, and the proposed model clearly explains the inhibitory effect of mutations in PAL1 or PAL2 on Ty1 mobility in yeast (Fig. 8) . The biological relevance of the proposed dimerization sequences is supported by analysis of conserved nucleotides within the Ty1 RNA 5′ terminus indicating high preservation of PAL1 and PAL2 palindromes among Saccharomyces Ty1 elements [49] .
Interestingly, we do not detect reactivity changes in the SL7 hairpin harboring PAL3 that were proposed to result from PAL3-PAL3 intermolecular base pairing in VLPs [46] . Although our analyses support the idea that PAL3 is not required for Ty1 RNA dimerization, we cannot exclude the possibility that PAL3-PAL3 interactions occur under specific conditions in VLPs. However, even if PAL3-PAL3 interactions occur in VLPs, they are not critical for Ty1 replication as the PAL3 mutations do not affect mobility (Fig. 8 ). Our data initially suggested that the IL3 palindrome might be a contact site that stabilizes the dimer in addition to PAL1-PAL2 duplex formation. Additional dimerization sequences have been identified in retroviral RNAs, and they can support stability of the RNA dimer or serve as alternative contact sites when primary dimerization sites are altered [10] . For example, wild type MMTV RNA dimerizes via PAL II as a major point of contact, while deletion of PAL II induces dimerization via the palindromic sequence located within the PBS (PBS-PAL), which constitutes additional point of contact in wild type MMTV RNA dimer [78] . Repression of the HIV-2 RNA dimerization initiation site (DIS) by antisense oligonucleotides also promotes tight dimer formation by interaction between 10-nt long PAL sequence located upstream from DIS [64, 79] .Ty1 RNA with a mutated PAL1 dimerizes via IL3-IL3 interaction, and IL3 mutations negatively affect dimerization in vitro (Fig. 6 ). However, despite the reactivity decrease in IL3, the IL3 palindrome is still reactive toward NMIA in the wild type mini Ty1 RNA dimer ( Fig. 4) and in fulllength Ty1 RNA probed in virio [46] . Also, IL3 mutations do not affect Ty1 mobility (Fig. 8b) . Taken together, our results indicate that IL3 serves as alternative contact point in Ty1 RNA dimer when PAL1-PAL2 intermolecular interaction is disrupted. Although, we cannot exclude that under some conditions IL3-IL3 interaction additionally stabilizes the dimer of wild type Ty1 RNA, this interaction is transient and not critical for Ty1 replication.
Ty1 RNA dimers resemble retroviral dimers in that they undergo stabilization during maturation of the VLPs, resulting from proteolytic processing of Gag-p49 to Gag-p45 as well as the Gag-Pol precursor [24] . A recent study proposed that initial Ty1 RNA dimers are maintained by two intermolecular kissing loop interactions between the SL1 and SL4 hairpins [49] .These kissing loop interactions are not detected in fulllength Ty1 RNA in VLPs [46] or in the mini Ty1 RNA dimer induced by Gag-p45 (Fig. 4) . The RNA dimers in VLPs and induced in vitro by Gag-p45 represent the mature dimer stabilized by the intermolecular PAL1-PAL2 extended duplex that is mutually exclusive with the SL1-SL4 kissing loop. Retroviral transcripts can form loose dimers stabilized by kissing loop interactions even in the absence of proteins [64, 66, 80] . Therefore, spontaneously-formed kissing loop dimers of Ty1 RNA could be selected for packaging by the Gag-p49 precursor and then converted to mature dimer stabilized by PAL1-PAL2 interactions. However, Ty1 RNA dimers are not detected in the absence of protein (Fig. 2) and mutational disruption of the SL1-SL4 kissing loop interactions impacts mini Ty1 RNA dimerization in vitro only modestly, if any (Fig. 6b) . Our results do not support SL1-SL4 intermolecular interactions, but they confirm the significance of SL4 in Ty1 retrotransposition. We propose that while SL4 is not involved in dimerization, it is critical for global architecture of Ty1 RNA including folding of the biologically important pseudoknot.
Our work re-examines an early study where it was proposed that unlike retroviruses, Ty1 dimeric RNA results from base paring between two tRNA i Met molecules bound to PBS sequences that initiate reverse transcription [38] . This model is based on dimerization assays with a 103-residue synthetic peptide from the C-terminal region of Ty1 Gag that possesses RNA chaperone activity (Fig. 1b) . Here we show that Ty1 RNA dimerization induced by mature Gag-p45 does not require tRNA i Met sequences (Fig. 2) , and that the retrotransposon RNA dimers resemble those of retroviruses in that they are maintained via cis-acting RNA sequences as described above (Fig. 4b) . The lack of tRNA involvement in Ty RNA dimer formation is also supported by data showing that dimerization of Ty3 retrotransposon gRNA is not reduced in mutants that fail to package tRNA i Met, and deletion of the PBS does not alter gRNA packaging into Ty3 VLPs [81] [82] [83] .
Assembly of Ty1 VLPs and effective retrotransposition requires direct interactions between Gag and gRNA [26, 28, 30] , but specific nucleotide sequences recognized by Ty1 Gag have not been defined. Recently, we identified sites within mini Ty1 RNA that are recognized in vitro by a protein comprising the C-terminal half of Ty1 Gag called the CTR [39] . The N-terminal part of Gag does not bind RNA, but is known to play an important role in VLP structure as residues from this region face the outside of the particle [37] . Gag-p45 binding with Ty1 RNA is significantly less salt-dependent than that of CTR [55] , raising the possibility that Gag-p45 has a higher non-electrostatic RNA-binding component than the CTR, and therefore, may be more specific. We used hydroxyl radical footprinting to show that Gag-p45 recognizes the same nucleotide sequences in Ty1 RNA that we previously identified as CTR binding sites [39] . This observation indicates that although the N-terminal part of Gag-p45 influences the salt-dependent protein binding to Ty1 RNA it does not change the selective recognition of nucleotide sequences in Ty1 RNA in vitro.
A majority of RNA binding sites for Gag-p45 identified in vitro may also bind Gag or other proteins in VLPs [46] . In support of this idea, Gag-p45 binds close to RNA sequences critical for Ty1 dimerization as well as to sequences involved in cellular tRNA i Met packaging and initiation of reverse transcription ( Fig. 3) . Interestingly, the most prominent Gag-p45 binding site in vitro contains sequences forming the pseudoknot. This motif is functionally important as mutations that destabilize the S1 stem inhibit reverse transcription [47] , and mutations in S2 stem decrease RNA stability [49] . Surprisingly, the pseudoknot is not required for packaging since mutations in S1 or S2 do not influence the level of Ty1 RNA in VLPs [47] . Although it is not known whether LTR-retrotransposon gRNA dimerization is a precondition for packaging or occurs in VLPs, we show that pseudoknot disruption by deletions in the S1 stem or by substitutions in SL4 have only moderate effects on Ty1 RNA dimerization, suggesting that the link between the pseudoknot and dimerization may be indirect. Indeed, pseudoknot destabilization might impact the overall Ty1 RNA structure and interactions with Gag at other steps during retrotransposition. Checkley et al. showed that Gag is required for Ty1 RNA stability, efficient nuclear export and localization into cytoplasmic foci [30] . Although, it remains to be determined if Ty1 Gag recognizes pseudoknot architecture or is involved in its folding process in vivo, we propose that sequences involved in pseudoknot formation constitute a critical Gag binding site and these interactions are essential for Ty1 RNA stability and trafficking in the cell. Further work will be required to determine whether Ty1 RNA contains high affinity binding sites for Gag-p45 that are involved in selective packaging and support VLPs assembly, as has been demonstrated for several retroviral Gag proteins [8, 16] .
